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Abstract— This paper addresses the design of a systemic 
management to improve the energetic efficiency of an open 
cathode proton exchange membrane fuel cell (PEMFC) in a hybrid 
system. Unlike the other similar works, the proposed approach 
capitalizes on the usage of both thermal management strategy and 
current control to meet the requested power from the system by 
the minimum fuel consumption. To do so, firstly, an 
experimentally based 3D mapping is performed to relate the 
requested power form the PEMFC to its operating temperature 
and current. Secondly, the reference temperature which leads to 
gaining the demanded power by the minimum current level is 
determined to minimize the hydrogen consumption. Finally, the 
temperature control is formulated by an optimized fuzzy logic 
scheme to reach the determined reference temperature by acting 
on the cooling fan of the PEMFC system, whilst the current is 
being regulated by its controller. The inputs of the fuzzy controller 
are the PEMFC current and temperature error and the sole output 
is the duty factor of the fan. The proposed methodology is tested 
on an experimental test bench to be better evaluated in a real 
condition. The obtained results from the proposed systemic 
management indicate promising enhancement of the system 
efficiency compared to a commercial controller. The proposed 
method of this work is extendable and applicable in fuel cell hybrid 
electric vehicles.  
Index Terms—Fuel cell efficiency improvement, fuzzy logic 
control, optimization, power mapping, systemic management, 
thermal management strategy. 
I. INTRODUCTION
roton exchange membrane fuel cell (PEMFC) is perceived
as a promising technology for green and efficient
generation of power in stationary and transportation 
applications [1]. In the literature, the performance of a PEMFC 
has been improved by concentrating on two principles of  
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membrane electrode assembly design and system design. The 
first one includes modifying the material and structural 
properties of the gas diffusion layer, cathode catalyst layer, and 
membrane to operate in the existence of liquid water [2-4]. The 
second one involves proper flow field design of channels, which 
can upgrade the performance in a passive manner by, for 
instance, balancing the cooling fan effects and air flow for 
reaching complete reactions at the cathode leading also to a 
better water balance. Moreover, it includes operating condition 
control, anode water removal, and electro-osmotic pumping [5, 
6]. The output power of the PEMFC is dependent on different 
operating points such as temperature, current, and pressure [7-
9]. Regarding the PEMFC as a system provides several degrees 
of freedom in terms of supplying the power due to the fact that 
the mentioned operating points, which are influential in the 
performance of the PEMFC, can come under control in this 
way. A specific level of demanded power can be supplied by 
different combinations of these operating conditions and how 
to go towards selecting the right combination for having an 
efficient performance is the goal of this work. The temperature 
of a PEMFC stack has an impact on the electrochemical, 
thermodynamics, electro-kinetics, transport, and water 
distribution processes, which jointly dictate system efficiency 
and long-term durability [10]. This is significant in all sorts of 
PEMFCs and operating modes, but is chiefly relevant to air-
breathing/cooled PEMFCs where the input air is responsible for 
both reactant and cooling the system [11]. The increase of the 
fan speed enhances the reactant supply, decreases the 
temperature (depending on the ambient temperature), and may 
also lead to a dry membrane (depending on the air humidity). 
The combination of these three effects can result in various 
impacts on power and hydrogen consumption which are 
difficult to highlight with an analytical model. The proton 
exchange membrane and the ionomer in the porous catalyst 
layers of this type of PEMFC need the presence of a particular 
amount of water to ensure satisfactory protonic conductivity. 
The water content in the ionomer of the membrane and catalyst 
layers is deeply affected by the operating temperature of the 
stack. The dynamics of water absorption of the ionomer and the 
diffusion of water across the membrane are both dependent on 
the stack temperature as discussed in [12, 13].  In fact, the 
temperature influence over the water transport in the catalyst 
layers is primarily premised on the absorption and desorption 
of water in the ionomer as well as the condensation and 
evaporation in the pores. As discussed in [14], the active area 
of membrane is directly affected by the water content in the 
catalyst layer. If the catalyst layer becomes dry owing to the 
water drain from its pores, less protons arrive at the active sites 
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for the electrochemical reaction with the reactant gases and the 
electrons. This phenomenon in turn diminishes the PEMFC 
performance [15]. In this respect, the optimal management of 
temperature is critical in open cathode PEMFCs to avoid the 
occurrence of the discussed phenomena and enhance the 
efficiency of the system. In each power level, a reference value 
for the temperature and current can be assigned to acquire the 
optimal efficiency, by the assumption of having a constant 
pressure. This reference value is like an equilibrium point in 
which all the influential operating conditions are stable. 
Another important factor which particularly influences the 
performance of an open cathode PEMFC is the cooling fan 
operation which has a vital role in the occurrence of drying and 
flooding and also electrochemical reactions [16].  
Several researches have been conducted on the temperature 
regulation of a PEMFC system. Many of these studies have 
used PID controllers for thermal management. The temperature 
behavior of a closed-cathode PEMFC equipped with liquid 
cooling is controlled through a feedback PID control in [17], 
and a PI controller in [18, 19]. A standard PID controller along 
with an ON/OFF switch are used for thermal management in a 
3-kW water-cooled PEMFC in [20]. A state feedback control
[21] is compared in simulation with a model reference adaptive
control in terms of regulating the temperature of a closed-
cathode PEMFC and concluded that the second method shows
more robustness in [22]. In [23, 24], two controllers based on
active disturbance rejection are proposed to regulate the
temperature of a closed-cathode and an open-cathode PEMFC
respectively. Both of these controllers have shown successful
performance in simulation. In [25], a 500-W open-cathode
PEMFC model is studied in which the temperature is controlled
by an on-off strategy.
Literature consideration indicates that most of the discussed 
papers are fundamentally premised on simulation and 
furthermore, very few works have focused on open cathode 
PEMFCs. In [26, 27], the performance of two fuzzy logic 
controllers (FLCs) have been compared with PID controllers on 
an experimental test bench regarding the temperature regulation 
of a 2000-W and a 100-W open cathode PEMFC respectively. 
The authors have shown that the PID controllers cause large 
temperature overshoot in different operating conditions 
compared to the FLC. Two reasons can be given to explain the 
overshoot problem. First, PID controllers work well for a 
limited operating range. Second, their adjustment is dependent 
on the accuracy of the model, which is an ongoing research 
domain in the PEMFC area. Therefore, FLC seems to be a good 
choice since it shows better flexibility in a wide range of 
operation while working with not very accurate models.  
Another worth reminding aspect is that very few works have 
tried to propose a methodology to create a link between the 
temperature control and the operating point tracking of a 
PEMFC, such as maximum power and efficiency points. These 
operating conditions are abundantly used in vehicular 
applications [28-30], and they are only conceivable in particular 
stable operating temperature. In [31], a simple single-input 
single-output FLC is used to control the temperature for finding 
the maximum efficiency point of an open cathode PEMFC. In 
the majority of the existent maximum operating point tracking 
methods, from perturb and observe and step size methods [32, 
33] to identification techniques coupled with an optimization
method [34-38], the PEMFC has been considered as just a
component in which the only reference signal (control variable)
is the operating current by assuming constant temperature
and/or pressure. However, PEMFC is a system, and several
local controls should be defined over this system to reach the
desired condition.
    This paper presents a methodology to formulate a systemic 
management for an open cathode PEMFC. The main 
contribution of this work is to simultaneously control 
temperature and current with the goal of supplying the 
requested power from the PEMFC system with a high level of 
efficiency. To do so, two important stages of management, to 
determine the reference signals, and control, to reach them, are 
required. In the proposed systemic management, depending on 
the requested power level, a reference temperature is extracted 
through a generated 3D power map which enables the supply of 
the power with the lowest current. The lower the current level, 
the lower the hydrogen consumption. Subsequently, an 
optimized FLC is used to reach the assigned reference 
temperature, while the current of the PEMFC is controlled by a 
PI controller. In contrast to [26, 27] in which the FLCs have 
been adjusted by many trials and errors, the utilized FLC is 
tuned by a hybrid optimization algorithm in this paper. The FLC 
is first tested on a PEMFC model before implementation on the 
test bench. The remainder of this manuscript is organized as 
follows:  
Section II deals with the process of obtaining the power map. 
Determining the reference operating point is dealt with in 
section III. Section IV describes the formulation of the 
optimized fuzzy controller. The results are discussed in section 
V, and finally the conclusion is given in section VI. 
II. 3D POWER MAPPING
This section puts forward an experimental framework to 
determine the output power of a PEMFC by considering the 
influence of operating current, temperature, and cooling fan 
duty factor while the air pressure is constant in this set-up. To 
do so, two steps of data collection, and power map generation 
are required as shown in Fig. 1. Initially, some tests need to be 
conducted on the open cathode PEMFC to analyze the influence 
of operating current and duty factor over the stack temperature. 
The presented test bench in Fig. 2 is used to perform all the 
experiments in this work.  
Fig. 1. Experimental procedure for generating the power map. 
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The utilized fuel cell system in this set-up is the 
commercially available 500-W PEMFC with 36 cells from 
Horizon Fuel Cell Technologies. This open-cathode PEMFC is 
self-humidified and air- cooled. It has two axial cooling fans 
straightly connected to the housing, which decrease the 
temperature of the stack by forced convection and in the same 
time provides oxygen to the cathode. As it is seen, the open-
cathode PEMFC is connected to a National Instrument 
CompactRIO through a controller. A DC electronic load is 
utilized to request current profiles from the PEMFC. According 
to the manual of the system, the difference between the 
atmospheric pressure in the cathode side and the pressure of the 
PEMFC in the anode side should be 50.6 kPa. The pressure in 
the anode side is set to 55.7 kPa. The temperature and voltage 
of the real PEMFC are measured and transferred to the PC with 
the help of CompactRIO to be used in the control process. The 
PC and CompactRIO communicate by means of an Ethernet 
connection every 100 milliseconds. It is worth mentioning that 
the proposed methodology of this work is expandable to other 
PEMFC types with higher or lower power rates due to its data-
driven foundation.  
Fig. 2. The developed test bench in Hydrogen Research Institute. 
To acquire the necessary data for power mapping, a ramp-up 
current profile, as shown in Fig. 3a, is applied to the PEMFC 
system in five different fan duty factors, namely 0.25, 0.34, 0.5, 
0.7, and 1. At each level of fan duty factor, the test is continued 
Fig. 3. Ramp-up current profile (a) and its corresponding recorded voltage 
(b) and temperature (c). 
until the maximum power of the PEMFC is achieved, and the 
voltage drop due to the concentration loss is observed. After 
completing the test, the recorded stable points of the PEMFC 
stack (current, voltage, and temperature), as shown in Fig. 3, 
are used to plot the map. Since the chosen current and fan duty 
factors contain the minimum and maximum levels, the acquired 
map covers almost all the operating conditions.  
Fig. 4 characterizes the influence of cooling fan and current 
on the stack temperature of the PEMFC. This figure has been 
generated by using the collected data from the conducted 
experiments. Fig. 5 presents the obtained power map from the 
experimental measurements. This power map is used in the 
process of determining the reference temperature for the 
systemic management process.   
Fig. 4. Influence of operating current and fan duty factor over the stack 
temperature. 
Fig. 5. Generated power map from experimental data  
III. REFERENCE OPERATING POINT DETERMINATION 
As shown in Fig. 5, a given power can be reached by using 
several operating points like temperature and current. So, a 
degree of freedom remains. In this work, current and 
temperature are considered as the main variables and the 
objective is to meet a requested power while minimizing the 
hydrogen consumption of the system. Fig. 6, which has been 
obtained by doing some experiments on the real PEMFC, 
indicates two important interdependences. First, the relation of 
hydrogen consumption with respect to the operating current and 
fan duty factor, and second, the influence of the fan duty factor 
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over the operating range of the PEMFC stack in terms of 
current. As is seen in this figure, hydrogen consumption is 
significantly dependent on the operating current of the stack 
rather than the fan duty factor. However, fan duty factor plays 
an important role in determining the range of the stack operating 
current where lower duty factors lead to limited operating 
ranges and higher duty factors extend the range of stack 
operation. 
Fig. 6. Effect of current and cooling fan duty factor on the hydrogen 
consumption and operating range of the stack.  
The behavior of the hydrogen molar flow (𝑓𝐻2) can be
estimated by (1) [39]:  
𝑓𝐻2 = 𝑎 𝑖𝑓𝑐 + 𝑏 𝐷𝐹𝑓𝑎𝑛 + 𝑐   (1) 
Where 𝑖𝑓𝑐 is the PEMFC operating current (A) and 𝐷𝐹𝑓𝑎𝑛 is the
cooling fan duty factor.  
Fig. 7 represents the 2D power map attained through the 
explained methodology by doing interpolation. For each power, 
Fig. 7. 2D demonstration of PEMFC power map for different levels of 
temperature and current. 
the best operating point (temperature and current) in terms of 
H2 consumption is highlighted by a circle. These points lead to 
an optimal path to reach the requested power by minimizing the 
H2 consumption. The presented power map belongs to the fuel 
cell system, which means that the auxiliary power 
consumptions such as valves and the fan have been subtracted 
from the stack power. This map also shows that a specific 
function can be generated to relate the power and optimal 
temperature. This relation is represented in Fig. 8 and is used to 
determine the reference temperature of the controller to match 
the requested power and the minimal hydrogen consumption. 
Providing such experimental basis guaranties that the controller 
leads to a high efficiency region at each specific power level. 
Fig. 8. Power versus optimal temperature. 
Fig. 9 confirms that each selected optimal point, presented in 
the power map of Fig. 7, corresponds to the minimum hydrogen 
consumption and mathematically the interpolated lines in each 
power level can be considered as a convex problem which has 
only one minimum. It should be noted that one of the 
advantages of the proposed method for determining the 
reference temperature is that it is easily updatable with respect 
to the performance drifts of the PEMFC stack arising from the 
ambient conditions variation and even ageing phenomenon. In 
this respect, the map can be easily updated by recording some 
stable points (current, voltage, and temperature) from different 
operation zones of the PEMFC stack and using them for 
generating a new map with the commonly used least square 
approaches.   
Fig. 9. Hydrogen consumption and required current for each specific power 
level. 
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IV. TEMPERATURE AND CURRENT CONTROL
The general structure of the temperature and current control 
is presented in Fig. 10. As it is seen, in a hybrid system, the 
PEMFC deals with supplying the average power and the 
dynamic part is left to the battery pack or other energy storage 
systems. For each requested power level from the PEMFC 
system, a specific 𝑇𝑟𝑒𝑓  is set through the obtained 2D power
map. This 𝑇𝑟𝑒𝑓  is imposed to a FLC which acts on the cooling
fan to reach it. However, the temperature regulation is a slow 
dynamic process, contrary to the current control which is very 
fast. In this regard, while the FLC is trying to regulate the 
temperature, a PI power controller is used to give the PEMFC 
system enough relaxation time for efficient supply of the power 
by gaining the 𝑇𝑟𝑒𝑓  which corresponds to the minimum current.
As the FLC increases or decreases the temperature to reach the 
set point, depending on the initial stack temperature, the PI 
controller regulates the PEMFC current in a way to track the 
requested power.   
The explained FLC for temperature regulation of the PEMFC 
uses the temperature error and the reference current of the 
PEMFC as inputs and determines the fan duty factor as the 
output. The obtained fan duty factor from the FLC is sent to the 
real PEMFC to warm up or cool down the system. The 
temperature error is the difference between the stack 
temperature and the reference temperature obtained from the 
explained power map. The reference current signal, which 
strikingly influences the PEMFC stack performance, is 
determined by a PI controller. The input of the PI controller is 
the error between the requested power from PEMFC and the 
supplied power by PEMFC, and the output is the current, which 
will be the input of the fuzzy controller. Using this PI regulator 
ensures that the requested power is met. The characteristics of 
the FLC are as follows: inference engine is AND (minimum 
operator), diffuzication is centroid, and fuzzy system type is 
Mamdani. Table I specifies the fuzzy reasoning rules.  
Fig. 10. Configuration of the systemic temperature and current 
management and control.  
A. Fuzzy optimization
Since the distribution of input membership functions (MFs)
has been considered as consistent over the universe of 
discourse, the FLC might not perform optimally over various 
operating conditions of the PEMFC. In this regard, instead of 
conducting several trials to define the boundaries of the input 
MFs, they are tuned by means of a hybrid optimization 
algorithm composed of particle swarm optimization and genetic 
algorithm (PSO-GA). However, before going through the 
optimization process, a PEMFC model, capable of imitating the 
real-behavior of the stack, is needed to be used in the tuning 
process of the FLC parameters. This is due to the fact that 
utilizing the real PEMFC stack for performing the optimization 
process damages its state of health. Hereinafter, firstly, the 
employed PEMFC model for the optimization process is 
described. Subsequently, the utilized PSO-GA algorithm and its 
controlling parameters are explained in details.  
1) PEMFC stack model
In this work, a model made up of an electrochemical and a
thermal sub-model is employed to imitate the behavior of an 
open cathode PEMFC. The utilized model, which is shown in 
Fig. 11, is able to mimic the PEMFC behavior in steady-state 
and low-dynamic conditions. 
Fig. 11. PEMFC system model. 
• Electrochemical model
The electrochemical model is based on the Amphlett et al.
model which has been justified in several studies [34, 35]. This 
model, which is shown in Fig. 11 in the form of an electrical 
circuit, includes the polarization effects. The charge double 
layer phenomenon has been added to this model based on [40, 
TABLE I 
FUZZY REASONING RULES 
Iref 
 e  
Low Medium High 
Hot Very Fast Very Fast Very Fast 
Warm Average Fast Very Fast 
Normal Slow Slow Fast 
Cold Very Fast Slow Slow 
Very Cold Very Fast Very Fast Slow 
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41]. The output voltage of the PEMFC, which is for a number 
of cells connected in series, is obtained by: 
𝑉𝐹𝐶 = 𝑁(𝐸𝑁𝑒𝑟𝑛𝑠𝑡 + 𝑉𝑎𝑐𝑡1 + 𝑉𝐶 + 𝑉𝑜ℎ𝑚𝑖𝑐)  (2) 
where 𝑉𝐹𝐶  is the output voltage (V), 𝑁 is the number of cells,
𝐸𝑁𝑒𝑟𝑛𝑠𝑡  is the reversible cell potential (V), 𝑉𝐶 is the double-
layer charging effect, 𝑉𝑜ℎ𝑚𝑖𝑐 is the ohmic loss (V), and 𝑉𝑎𝑐𝑡  is
the activation loss (V). Activation loss is composed of a drop 
related to the PEMFC internal temperature (𝑉𝑎𝑐𝑡1) and a drop
related to the both current and temperature of the stack (𝑉𝑎𝑐𝑡2).
The reversible cell potential is calculated by:  
𝐸𝑁𝑒𝑟𝑛𝑠𝑡 = 1.229 − 0.85 × 10
−3(𝑇𝑠𝑡 − 298.15) + 4.3085 ×
10−5𝑇𝑠𝑡[ln(𝑃𝐻2) + 0.5ln (𝑃𝑂2)]  (3) 
where 𝑇𝑠𝑡  is the stack temperature (K), 𝑃𝐻2 is the hydrogen
partial pressure in anode side (N m−2), and 𝑃𝑂2 is the oxygen
partial pressure in cathode side (N m−2). The activation loss is
given by: 
{
𝑉𝑎𝑐𝑡 = −[𝑉𝑎𝑐𝑡1 + 𝑉𝑎𝑐𝑡2]       
𝑉𝑎𝑐𝑡1 = −[𝜉1 + 𝜉2𝑇𝑠𝑡 + 𝜉3𝑇𝑠𝑡𝑙𝑛(𝐶𝑂2)] 
𝑉𝑎𝑐𝑡2 = −[𝜉4𝑇𝑠𝑡𝑙𝑛(𝑖)]       
𝐶𝑂2 = 𝑃𝑂2 5.08 × 10
6 exp(−498 𝑇𝑠𝑡⁄ )⁄
  (4) 
where 𝜉𝑘(k = 1…4) are the semi-empirical coefficients based
on fluid mechanics, thermodynamics, and electrochemistry, 
𝐶𝑂2 is the oxygen concentration (mol cm
−3), and 𝑖 is the
PEMFC operating current (A). The double-layer charging 
effect is formulated by: 
{
𝑉𝐶 = (𝑖 − 𝑐 𝑑𝑉 𝑑𝑡⁄ )(𝑅𝑎𝑐𝑡2 + 𝑅𝑐𝑜𝑛) 
𝑅𝑎𝑐𝑡2 = 𝑉𝑎𝑐𝑡2 𝑖⁄        
𝑅𝑐𝑜𝑛 = 𝑉𝑐𝑜𝑛 𝑖⁄ = (𝐵𝑙𝑛(1 − 𝐽 𝐽𝑚𝑎𝑥⁄ ) 𝑖⁄ )
 (5) 
where 𝑐 is the equivalent capacitor due to the double-layer 
charging effect (F), which is in order of several Farads because 
of porous electrodes of the PEMFC, 𝐵 is a parametric 
coefficient (V), 𝐽 is the actual current density (A cm−2), 𝐽𝑚𝑎𝑥 is
the maximum current density (A cm−2), and 𝑉𝑐𝑜𝑛 is the
concentration loss (V). The ohmic overvoltage can be described 
by:  
𝑉𝑜ℎ𝑚𝑖𝑐 = −𝑖𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = −𝑖(𝜁1 + 𝜁2𝑇𝑠𝑡 + 𝜁3𝑖)   (6) 
where 𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙  is the internal resistor (Ω), and 𝜁𝑘(k = 1…3)
are the parametric coefficients.    
• Thermal model
The thermal behavior of the open cathode PEMFC is 
modeled by means of energy conservation equations for a 
lumped system, as introduced in [26, 27]. According to the 
energy conservation law, the energy balance for describing the 
temperature dynamic of the PEMFC can be given by:  
𝑚𝑠𝑡𝐶𝑠𝑡 𝑑𝑇𝑠𝑡 𝑑𝑡⁄ = ?̇?𝑟𝑒𝑎𝑐 − 𝑃𝑠𝑡 − 𝑄𝑁𝑎𝑡 − 𝑄𝐹𝑜𝑟𝑐𝑒𝑑        (7) 
where 𝑚𝑠𝑡 is stack mass (4.2 kg), 𝐶𝑠𝑡 is specific heat capacity
of stack (J/kg K) [27], 𝑇𝑠𝑡  is stack temperature (K), ?̇?𝑟𝑒𝑎𝑐 is the
released energy from electrochemical reaction (J), 𝑃𝑠𝑡  is the
generated electrical power (W), 𝑄𝑁𝑎𝑡  is the natural convection
(J), and 𝑄𝐹𝑜𝑟𝑐𝑒𝑑  is the forced convection (J). The obtained
energy form electrochemical reaction and the produced 
electrical power of the stack can be presented by: 
?̇?𝑟𝑒𝑎𝑐 = 𝑉𝑚𝑎𝑥  𝑖 𝑁  (8) 
𝑉𝑚𝑎𝑥 = ∆𝐻 𝑛𝐹⁄  (9) 
𝑃𝑠𝑡 = 𝑉𝐹𝐶  𝑖  (10) 
where 𝑉𝑚𝑎𝑥 is the maximum voltage obtained by hydrogen low
heating value (1.23 V) or hydrogen high heating value (1.48 V), 
∆𝐻 is the formation enthalpy, 𝑛 is the number of electrons per 
molecule, and 𝐹 is the Faraday’s constant. The convective heat 
transfer, which is composed of natural and forced convection, 
can be formulated by: 
𝑄𝑁𝑎𝑡 = ℎ𝑁𝑎𝑡 𝐴𝑁𝑎𝑡(𝑇𝑠𝑡 − 𝑇𝑐𝑎)            (11) 
𝑄𝐹𝑜𝑟𝑐𝑒𝑑 = 𝛼 𝐷𝑓𝑎𝑛 𝜌𝑎𝑖𝑟  𝐴𝐹𝑜𝑟𝑐𝑒𝑑  𝐶𝑝(𝑇𝑠𝑡 − 𝑇𝑐𝑎)   (12) 
where ℎ𝑁𝑎𝑡 is the natural heat transfer coefficient (14 W/m
2K)
[26], 𝐴𝑁𝑎𝑡 is the total surface area of the 500-W Horizon
PEMFC (0.1426 m2) which has been calculated by the
available dimensions in the manual of the device, 𝑇𝑐𝑎 is the
ambient temperature (K), 𝛼 is an empirical coefficient obtained 
by experiment, 𝐷𝑓𝑎𝑛  is the fan duty factor, 𝜌𝑎𝑖𝑟 is the ambient
air density (1.267 kg/𝑚3), 𝐴𝐹𝑜𝑟𝑐𝑒𝑑  is the area exposed to the
forced convection (0.22 m × 0.13 m × 2), and 𝐶𝑝 is the air
specific heat capacity (1005 J/kg K). The parameters which 
need to be tuned in the discussed electrochemical and thermal 
sub-models are listed in TABLE I. The values of these 
parameters have been obtained by GA from the Global 
Optimization Toolbox of Matlab using the measured 
experimental voltage, temperature, and current of the PEMFC.  
To assess the capability of the developed PEMFC model in 
imitating the behavior of a 500-W Horizon PEMFC, the 
presented current profile in Fig. 12a has been applied to the 
model and the emulation results are compared with the 
measurements. Fig. 12b and Fig. 12c represent the voltage and 
temperature estimations respectively. As is seen in Fig. 12, the 
model is able to predict the PEMFC behavior with a satisfactory 
precision. 
TABLE I 
PEMFC MODEL PARAMETERS 
Model Parameter Value 
Reference for min. 
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Fig. 12. Verification of the PEMFC model, (a) the utilized current profile, (b) 
voltage prediction, and (c) temperature prediction. 
2) PSO-GA optimization process
GA and PSO are two well-known metaheuristic algorithms
which have been used to resolve a number of different 
engineering problems. The main reason for using hybrid PSO-
GA optimization method is to combine their merits. By 
employing the genetic operators in the structure of PSO, the 
exploration and exploitation capabilities can be enhanced to 
some extent. In GA, the information of an individual will be 
forgotten in case it is not chosen, as opposed to PSO which has 
memory. On the other hand, PSO might use the resources for 
weak individuals since it does not have a selection operator. 
Hence the primary intention to develop PSO-GA is to integrate 
the social behavior of PSO into the search potential of GA [42]. 
The flowchart of the utilized PSO-GA algorithm is shown in 
Fig. 13. As is seen in this figure, first, the optimization problem 
should be defined by introducing a fitness function as the 
objective of minimization, the decision variables which are the 
targeted parameters for estimation, and the search space which 
is formed by describing the upper and lower limits of each 
decision variable. In this work, the constructing parameters of 
the input MFs are considered as the decision variables. To direct 
the population towards better solutions, a fitness function is 
required. Regarding the temperature FLC, the main goal is to 
reach the assigned reference temperature by the power map. In 
this respect, the integral time-weighted absolute error (ITAE), 
described in (13), is used as a fitness function for adjusting the 
parameters of the FLC MFs. The ITAE based tuning leads to 
much quicker settling time compared to other measures such as 
integral squared error and integral absolute error. 
𝐦𝐢𝐧
(Decision variables)
   ∫ 𝑡|𝑇𝑟𝑒𝑓 − 𝑇𝑠𝑡|𝑑𝑡
𝑁
1
     (13) 
where 𝑡 is time (s), 𝑇𝑟𝑒𝑓  is the reference temperature, and 𝑇𝑠𝑡  is
the PEMFC stack temperature. It should be noted that the 
optimization process of the FLC is performed on the explained 
PEMFC model since it can damage the real PEMFC. The 
optimized FLC is then implemented on the test bench to control 
the real PEMFC.  
After defining the optimization problem, the operating 
parameters of the PSO-GA optimization algorithm should be 
defined according to TABLE II. Then the problem goes to the 
main loop of the optimization and the PSO and GA operators 
try to find the near optimal answer. In this work, separate 
iterations are introduced for PSO and GA operators inside the 
main loop to provide more control over them. The PSO 




𝑛 + 𝛼1𝑟1(𝑝𝑏𝑒𝑠𝑡𝑖 − 𝑝𝑖








𝑛+1 is the velocity of particle i at iteration  𝑛 + 1, 𝐶 is
the constriction factor, which ensures the balance between 
exploration and exploitation of the particles [43] , 𝛼1 and 𝛼2 are
the weighing factors, 𝑟1 and 𝑟2 are two random numbers
between 0 and 1, 𝑝𝑖
𝑛 is the position of particle i at iteration n,
𝑝𝑏𝑒𝑠𝑡𝑖  is the best position of particle i, and 𝑔𝑏𝑒𝑠𝑡 is the best
position of the swarm. The constriction factor can be 
formulated by: 
{
𝐶 = 2 |2 − 𝜑 − √𝜑2 − 4𝜑|⁄
𝜑 = 𝛼1 + 𝛼2       
  (15) 
It is worth mentioning that the value of 𝜑 should be kept 
between 4.1 and 4.2 by choosing 2.05 for 𝛼1 and 𝛼2 to acquire
quality solutions [44].   
Fig. 13. Flowchart of the PSO-GA algorithm. 
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Fig. 14 represents the input and output MFs of the designed 
temperature FLC before and after optimization process. The 
total number of decision variables are 27. Since the 
optimization process is performed once, the computational time 
is not a concern.     
Fig. 14. Input and output MFs before and after tuning. 
Fig. 15 represents the results of the tuned FLC performance 
after the optimization process. The optimization process has 
been conducted for the indicated current profile in Fig. 15a by 
using the explained PEMFC model. The reference temperature 
for each operating current level of Fig. 15a has been obtained 
from the extracted map of the PEMFC shown in Fig. 7. 
According to Fig. 15b, the best fitness value of the fitness 
function levels off after almost 25 iterations and the mean value 
of the fitness reaches the best value after about 85 iterations. 
Fig. 15c represents that the tuned FLC can reach the determined 
referenced temperature in an acceptable time. Moreover, the 
behavior of the cooling fan duty factor, which causes this 
temperature evolution, is shown in Fig. 15c. 
Fig. 15. Optimization results of the FLC tuning, a) the employed current profile 
for the tuning process, b) the minimization trend of the objective function, and 
c) the test of the optimized FLC for reaching the reference temperature.
V. EXPERIMENT AND RESULTS ANALYSIS
Two assessment tests are designed to show the efficiency of 
the proposed systemic management. The first test deals with 
supplying a constant power profile, and the second test copes 
with variable power profile. In each stage, the performance of 
the proposed approach is compared with the commercial 
controller from manufacturer. Fig. 16 represents the 
stabilization process of the PEMFC system for supplying a 
constant power of 380 W. From Fig. 16a, it is observed that by 
using the proposed thermal scheme, a lower current level is 
required to meet the demanded power, compared to the 
manufacturer controller. It is worth noting that achieving the 
same level of power by using different current levels in this test 
highlights the importance of the thermal management. 
According to Fig. 16b, the manufacturer controller tends to 
keep the stack temperature at a higher level than the proposed 
approach. This higher temperature can result in a dryer 
membrane and less available oxygen for reaction. Moreover, 
the proposed systemic control consumes less hydrogen (4.47 
SLPM) for providing the requested constant power profile as 
opposed to the manufacturer controller (5.35 SLPM).  
TABLE II 
PSO-GA PARAMETERS DEFINITION 
PSO-GA operators Definition Quantity 
𝐼𝑡𝑒𝑟𝑀𝑎𝑥 Maximum iteration 100 
𝑆𝑢𝑏𝑖𝑡𝑒𝑟𝑃𝑆𝑂 Maximum PSO subiteration 10 
𝑆𝑢𝑏𝑖𝑡𝑒𝑟𝐺𝐴 Maximum GA subiteration 10 
𝑁𝑃𝑜𝑝 Number of population (particles) 500 
𝐶 Constriction factor 0.729 
𝐶𝑂𝑝𝑐𝑡. Crossover percentage 0.8 
𝑀𝑢𝑝𝑐𝑡. Mutation percentage 0.2 
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Fig. 16. Corresponded current (a), and temperature (b) for supplying a 380-
W constant power. 
The second test, which belongs to a variable power profile, 
is shown in Fig. 17. This low dynamic profile contains various 
high and low levels and indicates more clearly the performance 
of the proposed thermal strategy in different conditions. 
Fig. 17. Variable power profile test (a) along with its corresponded 
temperature (b), current (c), and H2 consumption (d). 
 Fig. 17a indicates that both of controllers are able to provide 
the demanded power. However, the temperature evolution of 
the PEMFC stack by each of the controllers is different as 
represented in Fig. 17b. The required current levels for 
supplying the power are also different, as shown in Fig. 17c. 
Both of the controllers tend to use the same current in low 
power levels. However, in high power levels, the proposed 
strategy uses less current to meet the power. The effect of using 
a lower current level to satisfy the requested power can be 
embraced by checking the hydrogen consumption, which is 
represented in Fig. 17d. It is observed that the hydrogen 
consumption achieved by utilizing the proposed FLC controller 
is lower than the manufacturer controller, specifically in high-
power regions. Looking more carefully at Fig. 17, it can be seen 
that although the drawn current from the stack is almost the 
same in low-current regions (Fig. 17c), the hydrogen 
consumption is different. This is mainly due to the fact that the 
temperature levels are clearly different (Fig. 17b) in low-current 
regions. It is worth noting that this difference in temperature 
levels implies that the duty factor of the fan, which is 
responsible both for cooling the system and providing the 
necessary oxygen for the reactions, is also variable. Moreover, 
this result justifies the presented behavior of the open cathode 
PEMFC in Fig. 7 of the paper where the current levels are 
remarkably near to the minimum current while the temperature 
level changes more distinctly in low-power region.  
  Fig. 18 represents the comparison of the total hydrogen 
consumption of the discussed constant and variable power 
profiles for the case of manufacturer controller and the 
proposed systemic strategy. According to this figure, the 
proposed strategy of this work is able to decrease the hydrogen 
consumption of the PEMFC system by 13% and 16% for the 
case of constant and variable power profiles respectively.     
Fig. 18: Hydrogen consumption comparison of the PEMFC system for 
different scenarios. 
VI. CONCLUSION
In this manuscript, a systemic management strategy is proposed 
to enhance the efficiency of an open cathode PEMFC system in 
different requested power levels. This strategy focuses on the 
usage of 3D mapping to determine the reference temperature of 
the control scheme. In this respect, a number of experiments are 
conducted to get a 3D power map for various stack temperatures 
and currents. This power map provides an efficient path based 
on the stack temperature and the current level of the PEMFC 
system and determines the reference temperature for each 
particular demanded power level from the system. Finally, an 
optimized FLC is used to achieve the defined reference 
temperature as the current of the PEMFC is being controlled by 
a PI controller. The obtained results from the conducted 
experiments highlight the satisfying performance of the 
proposed methodology by improving the system efficiency up 
to 13 % and 16 % for constant and variable power profiles 
respectively. While this manuscript has demonstrated the 
potential of the suggested systemic management strategy, some 
opportunities for extending the scope of this paper remain as 
follows: 
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• Integrating the proposed methodology into the design
of an energy management strategy for a fuel cell
hybrid electric vehicle.
• Integrating an online system identification method to
update the 3D power map to adapt to the performance
drifts of the PEMFC system.
• Carrying out an ageing study of the PEMFC while
using the suggested current and temperature control.
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